Abstract. One of the most common phenomena at Volcán de Colima is the annual development of lahars that runs mainly through the southern ravines of the edifice. Since 2011 the study and the monitoring of these flows and of the associated rainfall has been achieved by means of an instrumented station located along the Montegrande ravine, together with the systematic surveying of cross-topographic profiles of the main channel. From these, we present the comparison of the morphological changes experimented by this ravine during the 2013, 2014 and 2015 rainy seasons. The erosion/deposition effects of 11 lahars that occurred during this period of time were quantified by means of the topographic profiles taken at the beginning and at the end of the rainy seasons and before and after the major lahar event of 11 June 2013. We identified (i) an erosive zone between 2100 and 1950 m a.s.l., 8 • in slope, with an annual erosional rate of 10.3 % mainly due to the narrowness of the channel and to its high slope angle and (ii) an erosive-depositional zone, between 1900 and 1700 m a.s.l., (∼ 8 % erosion and ∼ 16 % deposition), characterized by a wider channel that decreases in slope angle (4 • ). Based on these observations, the major factors controlling the erosion/deposition rates in the Montegrande ravine are the morphology of the gully (i.e., channel bed slope and the cross section width) and the joint effect of sediment availability and accumulated rainfall. On the distal reach of the ravine, the erosion/deposition processes tend to be promoted preferentially one over the other, mostly depending on the width of the active channel. Only for extraordinary rainfall events are the largest lahars mostly erosive all along the ravine up to the distal fan where the deposition takes place. In addition, as well as the morphological characteristics of the ravine, the flow depth is a critical factor in controlling erosion, as deeper flows will promote erosion against deposition. Finally, by comparing rainfalls associated with lahars that originated after the last main eruptive episode that occurred in 2004-2005, we observed that higher accumulated rainfall was needed to trigger lahars in the 2013 and 2014 seasons, which points to a progressive stabilization of the volcano slope during a post-eruptive period. These results can be used as a tool to foresee the channel response to future volcanic activity, to improve the input parameters for lahar modeling and to better constrain the hazard zonation at Volcán de Colima.
Introduction
Lahars are concentrated mixtures of debris, sediment, and water that move rapidly down volcanic slopes under gravity (Smith and Fritz, 1989) . According to their water-sediment rate, they can be defined as hyperconcentrated flows, between 20 and 60 % in volume (Beverage and Culbertson, 1964) , and extremely coarse sediment-rich debris flows, with sediment concentration > 60 % in volume (Costa, 1984 Pierson and Costa, 1987 ). However, as described by Pierson (2005) , flow behavior will be strongly controlled by grain-size distribution, sediment-transport mechanisms, and their hydrodynamic characteristics. Flow volume and discharge can increase by several times downstream due to the entrainment of sediment and water (Vallance, 2000; Scott et al., 2005) . Nonetheless, whether it is a hyperconcentrated or a debris flow, or the evolution of both during the same event, the formation of lahars depends upon the availability of easily erodible sediments from the channel bed or lateral terraces, to bulk up the flow (Scott, 1988; Pierson, 1995; Scott et al., 2005) . Furthermore, additional volume changes can oc-R. Vázquez et al.: Factors controlling erosion/deposition phenomena cur by dilution due to tributary streamflows, overrunning active stream channels or entrainment of water-saturated sediments (Pierson and Scott, 1985; Cronin et al., 1999) . All of these flow changes control the capacity of lahars to modify the morphology of the channels where they flow, as observed in several studies (Muñoz-Salinas et al., 2008 Doyle et al., 2009 Doyle et al., , 2011 Starheim et al., 2013; Andrés de Pablo et al., 2014) , not only in volcanic environments, but also in mountainous regions in the form of debris flows. The role that the slope, the sediment availability, rainfall distribution and flow dynamics play, among other parameters, has been studied for a long time (e.g., Coe et al., 2008; Guthrie et al., 2010; Berger et al., 2011; Schürch et al., 2011; Abancó and Hürlimann, 2014; Theule et al., 2015) , and has served to extrapolate these findings to volcanic conditions. Previous studies found that the highest erosion rates in river basins (10 5 -10 6 m 3 km −2 yr −1 ) correspond to active volcanoes under humid climate (Milliman and Syvitski, 1992; Walling and Webb, 1996; Major et al., 2000) . As observed by Lavigne (2004) , for these types of volcanoes, the efficiency of erosion is a consequence of rain-triggered lahars that develop during the rainy season; converting the estimation of sediment yield and erosion rate is a very difficult task to achieve (Lavigne, 2004; Procter et al., 2010; Pierson et al., 2011; Thouret et al., 2014) . However, several studies analyze the erosion/deposition (E/D) processes of active channels on volcanic environments along with the factors that controls them (Major et al., 2000; Lavigne, 2004; Berger et al., 2011; Pierson et al., 2011; Starheim et al., 2013; Thouret et al., 2014) . These studies point out that the main factors affecting (E/D) rates are the amount of rainfall and volume of sediments available, the hydrologic characteristics of the streambottom deposits, the flow depth, and the morphology of the channel (Mizuyama and Kobashi, 1996; Fagents and Baloga, 2006; Berger et al., 2011; Okano et al., 2012; Thouret et al., 2014) . Moreover, a number of studies address the issue of identifying governing factors of debris flow entrainment, and most of them have been carried out in laboratory (Mangeney et al., 2010; Iverson et al., 2011) or mountain environments (e.g., Chen et al., 2005; Hungr et al., 2005; Guthrie et al., 2010; Berger et al., 2011; McCoy et al., 2012; Abancó and Hürlimann, 2014; Theule et al., 2015) . These latter studies show large scattered results, which suggests that mechanisms governing the entrainment are complex and depend on site and flow characteristics.
At Volcán de Colima, one of the most active volcanoes in Mexico, the annual occurrence of lahars during the rainy season is a common feature that has allowed the development and dynamics of these flows to be studied. Since 2011, the formation and evolution of lahars were monitored along the Montegrande ravine, a gorge located on the southern slope of the volcano, and one of the most active ravines in laharic activity. The real-time monitoring of these phenomena has been conducted by means of a monitoring station located at 2000 m a.s.l. (for a detailed description of the equipment see Vázquez et al., 2014 Vázquez et al., , 2016 , along with topographic profiles and field data obtained during the 2013-2014 seasons. From these data, it was possible to analyze and describe the annual sediment budget at selected sites, as well as the factors that mostly control the (E/D) processes. No important volcanic activity producing pyroclastic flow deposits on the volcano slope was reported during this period, a fact that could have altered the annual sedimentation rate. The results presented here can contribute to a better definition of the mitigation strategies and hazard assessment of lahars, and a determination of the most suitable sites for lahar monitoring, as well as a better understanding of the behavior of lahars at Volcán de Colima.
Morphological features of Montegrande ravine
Volcán de Colima is an almost perfectly cone-shaped stratovolcano, and has a slope that varies between 40 and 35 • from the summit at 3840 m a.s.l., which decreases to < 10 • towards its base at ∼ 1600 m a.s.l. (Fig. 1) . The ravines where lahars develop annually are located in the southeastern and southwestern sector of the edifice. In this paper we will focus on Montegrande ravine which is one of the most active ravines in the formation of lahars (Fig. 1) , and which has been being monitored since 2011 (Vázquez et al., 2014 .
The Montegrande ravine begins where two main gullies connect at the main break in the slope of the cone (from 30 to ∼ 20 • ), at approximately 2400 m a.s.l. (e.g., the proximal zone, Fig. 1 -Ia, b, and II). After this, the ravine extends ∼ 6.5 km in length, comprising the intermediate zone, from ∼ 2300 to 1900 m a.s.l., where the slope decreases to ∼ 8 • (Fig. 1-I c, d , e, f, and II), and the distal zone, located from 1900 to 1600 m a.s.l. at the mouth of the ravine, where the main channel opens to a wide fan, where the slope decreases to ∼ 2 • (Fig. 1 -Ig, h, and II) and lahars discharge all their loads (Fig. 1h) . The ravine is formed by the erosion of Holocene debris avalanche deposits, and pyroclastic flow deposits from the 1913 Plinian eruption, with vertical walls up to 20 m in height and up to 70 m in width (e.g., Fig. 1a and b). The active channel is highly variable in width, from 20 m to very narrow sections of ∼ 3 m (Fig. 1c, d , e, f, and g), and is flanked by historic laharic terraces a few meters high (e.g., Fig. 1c ). In addition, the ravine presents a complex morphology downwards, showing straight paths in some places, and in others tight turns of around 60-20 • (Fig. 1-I ). Where the ravine ends, the power lines of Comisión Federal de Electricidad (CFE), the national power company, cross the entire width of the fan ( Fig. 1-I ), and because of this, during the lahar season they are prone to be damaged, as has occurred in previous years (Davila et al., 2007) .
The Montegrande ravine is an ephemeral stream channel. When the rainy season begins (in June for this region; Davila et al., 2007; Capra et al., 2010) , and lahars start to flow down, the morphology of the main channel and the terraces that flank it evolve markedly ( Fig. 2a and b) . Meanwhile, during the dry season, the main channel is filled up by wood debris and small failures from the banks (Fig. 2c) .
Methodology
The study of the morphological changes suffered by Montegrande ravine during the 2013-2015 seasons associated with the laharic activity was carried out by taking topographic profiles perpendicular to the flow path in selected sites (e.g., Fig. 2d ) and by monitoring rainfall trends in the basin. Five checkpoints were selected and their respective topographic profiles were taken on 11 and 12 June, 30 July, 11 October 2013 , 12 September 2014 , and 18 March 2015 . These sites are numbered from MG_01 to MG_05, starting from the monitoring site at ∼ 2000 m a.s.l. within the intermediate zone ( Fig. 1-I , and II), up to the mouth of the ravine in the distal zone ( Fig. 1-I ). In addition, we also take into account two profiles within the portion of the monitoring site named MG_T-P1 and MG_T-P2. All profiles were taken and are presented here, looking upstream (i.e., towards the volcano crater, Fig. 2d ).
For the topographic surveys, we used a laser distancemeter and for each site, reference pictures and GPS points were taken (e.g., Fig. 2d ). We also leave marks on trees, walls or large clasts (> 1.5 m in diameter) (Fig. 2d) , in order to easily identify the sites during the field campaigns, and to use them as control marks for comparing the topographic profiles between each campaign. A HOBO RG3 water station, with a rain gauge sensor of 0.2 mm resolution, and sampling in 1 min intervals Vázquez et al., 2016) , is installed at the monitoring site ( Fig. 1 -Ic, and II) in order to monitor the rainfall events at Montegrande ravine lo- cally. However, and as stated by Capra et al. (2010) , rainfall episodes are often localized, and sometimes the rains that trigger the lahars are not recorded at the monitoring site. Despite this uncertainty, a global analysis clearly can distinguish the characteristics of rainfall that trigger lahars , as will be discussed below.
Morphological changes are compared here based on the results of topographic surveys. We analyze and classify a total of 15 flows which occurred during the 2013-2015 seasons (Table 1) , following the methodology described in Vázquez et al. (2016) , which is based on monitoring data that are gathered at Montegrande monitoring site and that identify them as single-pulse events (SPEs), and multi-pulse events (MPEs). The SPEs are characterized by a flow that lasts 1-1.5 h and develops a single front enriched in blocks (FEBs), followed by diluted surges (DSs), whereas the MPEs present more than one FEB interspersed by a sustained flow that shows changes in flow discharges (DSs) and lasts up to 3 h, ending with a prolonged streamflow . In Table 1 , a summary of the 15 lahars that developed during this time is presented. Maximum flow depth at the monitoring site was also estimated for the lahars with available images. No more events were detected during the 2013-2015 period analyzed here.
Only for the 11 June 2013 lahar were topographic surveys performed the day before and after the event. In the other cases, profiles mostly take the annual season of lahars into account (Table 1) . For example, after the 11 June lahar and before the 30 July survey, two lahars formed; after these and until the next field campaign on 11 October, an MPE event named "triplet lahars" (see Table 1 ) took place; it was formed of three lahars during the same day, though these were separated by some hours. During the 2014 season, seven lahars developed until the field campaign on 12 September, after which no more lahars formed in 2014. The first event of the following season occurred on 17 March 2015 and the topographic profiles were measured the day after. Thus, the morphological changes described in the following sections are related to the beginning and the end of the 2013-2015 seasons.
To quantify the E/D rate, a discrete areal value was computed for each section and used to calculate it (e.g., Fig the topographic profiles are superimposed to qualitatively observe channel variation in depth and width during the 2013-2015 seasons (Fig. 5) . To do so, the topographic profiles were embedded in a rectangle of a known area ( Fig. 3a and b) , and the (E/D) rates were determined according to the following statements ( Fig. 3a and b ).
1. During date i and date ii for the same site: x = x and y = y ; hence A T = x · y = 100 %.
2. During date i, A 1 +A 2 = A T = 100 %; also, during date ii, A 3 + A 4 = A T ; hence A 1 + A 2 = A 3 + A 4 = 100 %.
3. There will be erosion (E) if between date i and date ii, A 3 > A 1 and A 4 < A 2 .
4. There will be deposition (D) if between date i and date ii, A 3 < A 1 and A 4 > A 2 .
From these remarks, the areal values A T , A 1 , A 2 , A 3 and A 4 , along with the rates E and D, were estimated for the dates reported in Table 2 .
Results

Morphology of Montegrande ravine before and after the 11 June 2013 lahar
The systematic surveying of the topographic profiles over the checkpoints in Montegrande started in 2013 after the 11 June 2013 lahar, described and classified by Vázquez et al. (2016) as an MPE (Table 1) . It was the first lahar of the 2013 season, and has been one of the biggest events recorded in the ravine since 2011. It consisted of a flow that lasted approximately 3 h, and presented several FEBs with maximum flow depth of 3.5 m at the monitoring point, followed by DSs. The Figure 5 . Comparative cross-section profiles of the checkpoints in Montegrande ravine, according to the field campaigns ( Fig. 1 for location) . total rainfall associated with this lahar was 117 mm, which accumulated in ∼ 2.2 h with a maximum peak intensity of 131 mm h −1 (Table 1) . For this lahar, we took profiles the day before and the day after (Figs. 3c, d and 4) the event, which allowed us to outline the E and D rates qualitatively and quantitatively (Table 2) , and which served as an example of the effects of an MPE under extreme hydrometeorological conditions. In general, the MPE of 11 June 2013 eroded the channel bed of the ravine by 1 m depth on average, as can be observed in Fig. 3d , and from the profiles of checkpoints MG_01, MG_02, and MG_03 (Fig. 4a, b , and c, respectively). However, from the profiles of MG_04 and MG_05 sites (Figs. 4d and e), it is clear that both E/D processes were acting simultaneously. In fact, on checkpoint MG_05, the lahar left a final deposit that filled up the channel bed by at least 1 m, but eroded the right later terrace. In general, along the ravine, erosion was more predominant in the channel bed than in the walls; however in some portions of the ravine, the erosion tends to wash away one side of the channel more preferentially than the other, developing a lateral migration of the channel axis (e.g., Fig. 4a and c) .
The width of the active channel also varied after the 11 June 2013 lahar, becoming ∼ 2 m wider, especially in MG_01 and MG_02 sites ( Fig. 4a and b ), but to a lesser extent (< 1 m) in the other sites (Fig. 4c, d , and e).
Morphological evolution of Montegrande ravine within the 2013-2015 field campaigns
Besides the MPE of 11 June 2013, three more lahars were developed during the 2013 rainy season (one of them being the triplet lahars, Table 1 ), for which additional observations are provided here. In 2014, more than five flows were observed, classified and analyzed, and the annual balance is presented here based on a survey before and after the season. Finally, for 2015, only data gathered after the first lahar (which was an MPE) of the season are described here (Figs. 5 and 6 and Table 1 ). Figure 5 shows the profiles of the channel bed of Montegrande ravine, from the monitoring site (at ∼ 2050 m a.s.l., Fig. 5a ) towards the mouth of the ravine (at ∼ 1750 m a.s.l., Fig. 5g) . In all profiles, the same color corresponds to the same year, and the gradient of its color corresponds to different field campaigns. The segmented lines represent an erosion-dominated regime with respect to the previous profile, while the continuous lines represent a depositiondominated regime (Fig. 5) .
The first checkpoint (MG_T-P1) is located within the segment of the channel that is being monitored by the video camera (e.g., Figs. 1c, 3c, and d) . In this site, the channel morphology does not change significantly through the season. Small variations of the channel axis position are observed, which tends to migrate to the left side of the bank, towards the wall of an old terrace (Fig. 5a ). After the event that occurred on 17 March 2015, the channel becomes narrower (from ∼ 14 to ∼ 12 m) due to a new small terrace development along the left bank, and to a small collapse of the right wall which occurred during the dry season (Fig. 5a) .
Checkpoint MG_T-P2 (Figs. 1-I and 5b), situated ∼ 20 m downstream from MG_T-P1, shows an increase in depth of the channel from June to July 2013, from ∼ 1.5 to ∼ 5 m (Fig. 5b) . For this checkpoint, we only took the topographic profiles during the 2013 season since in 2014 the exact location of this site was not recognizable.
The MG_01 checkpoint is located ∼ 80 m downstream from the monitoring site ( Fig. 1-I) , shows a progressive increase in depth by almost 2 m (Fig. 5c) , and becomes narrower, from 7 m wide at the beginning of the 2013 season to ∼ 2 m wide at the end of the season. It is also evident that the terraces that flank the active channel were eroded by more than 2 m in depth (Fig. 5c ) during the 2013-2014 seasons.
The next checkpoint (MG_02, Fig. 5d ) is located approximately 750 m downstream from the MG_01 site ( Fig. 1-I) , where the channel path is almost rectilinear and has a regular width of ∼ 10 m. As can be observed from the overlapping of the profiles (Fig. 5d) , the process of erosion dominates at this site, deepening the channel bed by almost 4 m, and extending its width up to 15 m, but maintaining the main axis in the same place (Fig. 5d) .
The subsequent checkpoint MG_03 (Fig. 5e ), situated 300 m downstream ( Fig. 1-I ), marks the beginning of an almost straight path of ∼ 1200 m downwards, where the ravine widens from ∼ 15 m to > 30 m, and the vegetated walls become steeper (> 30 m height). Here the profiles (Fig. 5e ) present alternation of E/D processes within a narrow active channel of ∼ 12 m width. The erosion dominated up to 30 July 2013; but at the end of the 2013 season, the channel became wider and was filled up with more than 2 m of sediment. By September 2014, a new terrace was formed on the right side of the channel, narrowing its previous width (∼ 12 m) by ∼ 2.8 m, and was deeply eroded by the 17 March 2015 lahar, showing a tendency to recover its initial morphology (i.e., that from 11 June 2013, Fig. 5e ) but moving the channel axis to the left side.
The MG_04 checkpoint is located approximately 800 m downstream from the MG_03 site, just before the path of the ravine makes a turn into another straight segment ( Fig. 1-I ).
At this site, the changing morphology of the channel is due again to a combination of E/D processes (Fig. 5f ). After the 11 June 2013 lahar, the channel was progressively filled up, mostly by the accretion of the lateral terraces that narrowed the channel, from ∼ 10 to ∼ 7 m. After 30 July 2013, these newly formed terraces were eroded by the end of the 2013 season, resulting in a channel 15 m wide (Fig. 5f ). During 2014, depositional processes dominated by filling the chan- Fig. 5f ).
The morphology of the last checkpoint (MG_05), located ∼ 650 m downstream ( Fig. 1-I) , is also the result of a combination of E/D processes. Similarly to checkpoints MG_03 and MG_04, the morphology of the channel tends to be recovered (Fig. 5g) but with a lateral migration of the main axis towards the left side through the season. After the 11 June 2013 lahar, the active channel continues to be filled up by the successive flows (Fig. 5g) , decreasing its depth by about 2 m, as observed by the 30 July campaign. By 11 October 2013, the channel suffered a major morphological change, with a widening from ∼ 7 to ∼ 18 m, and a deepening of the channel bed 1 m in the central axis (Fig. 5g) . During the 2014 season and from the evidence of the 18 March 2015 campaign, it could be observed that the lateral terraces were built up again, and the morphology of the middle portion of the channel tends to be recovered (Fig. 5g ).
Annual E/D balance in Montegrande ravine
The 2013 season
During 2013, five lahars were detected on the Montegrande ravine (four MPE and one SPE), and their hydrological characteristics are listed in Table 1 . Total rainfall in Montegrande during 2013 was up to 580 mm, and the 11 June event corresponds to an exceptional accumulated rainfall of 117 mm (Fig. 7) .
At checkpoints MG_01 and MG_02 erosion dominates with ∼ 12 % of erosion of the channel bed on average (Fig. 6a  and b, Table 2 ), mainly on the main axis of the channel. At the end of the 2013 season, the depth of the channel at checkpoint MG_01 was 2 m deeper than at the beginning (Figs. 5c  and 6a) , and the channel width became wider, from ∼ 7 to ∼ 15 m (Figs. 5c and 6a) . At checkpoint MG_02 (Fig. 6b) , the level of erosion was lower, deepening the channel bed by ∼ 2.5 m and widening it up to 6 m at the end of the season (Figs. 5d and 6b) .
In the subsequent checkpoints (MG_03 to MG_05, i.e., Fig. 6c-e) located downstream of the ravine, the rate of E/D was more or less balanced (Table 2 ). At checkpoint MG_03 (Fig. 6c) , at the end of the 2013, the channel was filled by sediments up by 2 m thick, reaching an 11 m width by the erosion on lateral walls.
At MG_04 checkpoint the rate of deposition was larger according to the values in Table 2 , even though, as can be seen in Fig. 6d , E/D rates are present within the profiles. The main change in the morphology of the site was the widening of the channel, from ∼ 10 m (on 11 June, Figs. 5f and 6d) to ∼ 13 m at the end of the season, but with an accretion of the channel bed of up to 2 m. It is worth observing that the widening of this part of the channel was preferentially towards the right bank of the bed axis (Fig. 6d) .
Finally, at checkpoint MG_05 (Fig. 6e) , the level of erosion during the 2013 season was more evident, with a value of ∼ 8 % that corresponds to the widening of the channel from ∼ 8 m to ∼ 16 m (Fig. 6e) , but with a deposit in the middle axis of ∼ 0.5 m in thickness by the end of the season.
The 2014 season
During the 2014 season, the total rainfall in Montegrande ravine was ∼ 540 mm. In comparison with the 2013 season, the changes in the morphology of the checkpoints were dominated rather by the process of deposition than by erosion (Fig. 6) , even though seven lahars were developed during 2014 (five MPEs and two SPEs, Table 1 ).
In general, at checkpoints MG_01 and MG_02 ( Fig. 6f and  g ), the rate of erosion was higher than in the downstream checkpoints (MG_03, MG_04, and MG_05, Fig. 6h -j, respectively), but not that high in comparison to the 2013 season (Fig. 6a-e, Table 2 ).
At checkpoint MG_01 (Fig. 6f) , the erosion was mainly focused on the walls of the terraces that flank the channel axis, eroding ∼ 8 % of the material, diminishing its height by 2 m, but conserving the active channel width of ∼ 2.5 m with a final deposit of ∼ 1 m in thickness (Fig. 6f) . On the other hand, at checkpoint MG_02, both E/D are present, (Fig. 6g) , with a final deposition rate of 0.7 % (Table 2 ) and conserving the main morphology through the season, i.e., a wide channel (∼ 16 m width), flanked by terraces of 5 m height (Fig. 6g) .
In contrast to the observed balance on E/D rates for the MG_01 and MG_02 sites, at the successive checkpoints, the deposition process dominates. For instance, at site MG_03 (Fig. 6h) , the channel width reduced from ∼ 11 to ∼ 8 m, due to 18.5 % of deposition within the channel bed forming a new terrace on the right side of the channel. Similarly, at checkpoint MG_04 (Fig. 6i) , the width of the channel reduced from ∼ 16 to ∼ 5 m, because of the ∼ 20 % of deposition (Table 2 ) left in the channel bed, with the formation of new terraces along the flank of the active channel (Fig. 6i) . Finally, at checkpoint MG_05 (Fig. 6j) , a morphology similar to the MG_03 site can be observed, where new material was deposited preferentially on the right side of the channel wall (D = 9.6 %), leaving vertical steps and narrowing the channel from ∼ 16 to ∼ 14 m (Fig. 6j) .
Discussion
It is well known that channel morphology controls flow depth, flow velocity and peak discharge, and that it also promotes bulking or de-bulking of lahars. According to the observations made by Doyle et al. (2011) , when these flows reach a steady state, they tend to have extremely dynamic interactions with their channel and may rapidly alternate between net deposition and erosion, and thus exchange part of their sediment load. Dynamically, erosion normally occurs under a rise of the peak flow, even though the degree of erosion-related bulking depends upon the erodibility of the channel bed, bank, and related material, the shear stress applied to these surfaces, and the volume of sediment available for erosion (Pierson, 1995) . Hence, a narrow channel will increase the depth of the flow, its velocity, and thus the discharge, promoting erosion, as seen at MG_01 and MG_02 checkpoints, where the channel mean width is ∼ 10 m, and the channel is flanked by steep terraces, in comparison to the downstream sites (from MG_03 to MG_05), where the channel width is > 10 m on average. Conversely, deposition tends to be concentrated in sites of local sudden slope decrease (Fannin and Wise, 2001; Hürlimann et al., 2003; Hungr et al., 2005; Schürch et al., 2011) , increased channel width, channel bends, or bifurcations (Doyle et al., 2011; Schürch et al., 2011) .
At Montegrande ravine, field evidence shows that erosive processes dominate in the intermediate zone (i.e., checkpoint MG_01 and 02) , where the slope gradient is up to 8 • in comparison to the more distal sites where both E/D processes act because the ravine becomes wider and the slope diminishes from ∼ 6 to 4 • , i.e., checkpoints MG_03 to MG_05 (Fig. 1) . This was evident through comparisons of portions of the ravine with similar morphology (e.g., MG_01 and MG_04 checkpoints, which recorded a straight channel ∼ 80 m long, bracketed by two narrow bends) but different channel bed slope, showing the depositional processes becoming more dominant towards lower slope angles (i.e., the fan of the R. Vázquez et al.: Factors controlling erosion/deposition phenomena ravine). This behavior is in agreement with the hydrogeomorphological model proposed by Lavigne (2001) , which identifies the chief processes that shape the channel morphology in three main channel segments: (1) a proximal segment where riverbed and bank erosion is continuous (i.e., from MG_01 to MG_02), (2) an unsteady transitional zone, where erosional processes alternate with depositional processes (i.e., from MG_03 to MG_05), and (3) a distal segment where sediment deposition is continuous (in this case, the alluvial fan of Montegrande ravine).
Based on these results, the channel bed slope represents the first morphological parameter in controlling the E/D rates at Montegrande ravine; erosion is prevalent where the channel bed slope is higher than 8 • , while depositional processes dominate where the channel bed slope is smaller than 5 • . This latter slope value represents a higher value than that observed in Ruapehu of ∼ 2.7-0.7 • (Fagents and Baloga, 2006) or the < 1.2 • found by Pierson (1995) for snow-clad volcanoes, but a similar value to those observed in Popocatépetl volcano (i.e., < 6.5 • , Capra et al., 2004; Muñoz-Salinas et al., 2008 ). On the other hand, the dominant erosional behavior of lahars above 8 • is also consistent with observations made in other volcanic environments (e.g., Procter et al., 2010) and in Alpine basins affected by debris flows (e.g., Berger et al., 2011; Schürch et al., 2011; Theule et al., 2015) .
The second morphological parameter that affects E/D processes at Montegrande ravine is the cross-section width. In Montegrande, at distal sections (MG-04 and MG-5), E/D processes alternate and appear to be controlled by both the channel width variation and the decrease of the channel bed slope angle. However, our observations dictate that erosion dominates as the channel reaches a critical width, after which deposits start forming new terraces along the channel wall (e.g., Fig. 5f and g ). When the channel narrows anew, erosion takes place again. This cyclic behavior of E/D regimes controlled by the channel morphological changes has been previously observed and quantified by Doyle et al. (2009 ), Berger et al. (2011 ), and Schürch et al. (2011 . In particular, Schürch et al. (2011) supported this remark by studying the scouring effects of debris flows at Illgraben, in the Swiss Alps. According to their measurements, substantial erosion is more likely when flow depth increases. Events with front heights > 2.3 m were all erosive; meanwhile the events with front heights < 2.7 m were mainly depositional. Similar behavior was observed in the Montegrande ravine, where the flows that occurred during the 2013 season had front heights of more than 2 m and up to 3.5 m (Table 1) , presenting a regime that was mainly erosive, especially considering the 11 June lahar alone (Figs. 3 and 4) . During the 2014 season, the flows presented mean front heights of ∼ 1.5 m (Table 1) , being mainly depositional. These values clearly correlated with the annual E/D rate observed during the 2013-2014 season. The 11 June 2013 lahar represents an exceptional event that was erosive almost all along the ravine. This lahar was associated with an extraordinary rainfall event (117 mm of accumulated rain, Table 1 ) that developed a large flow depth up to 3.5 m, and highly erosive flow all along the Montegrande ravine. Similar exceptional events have been previously observed in the same ravine during the Jova hurricane, which also developed a high-magnitude lahar that deeply eroded the channel (Capra et al., 2013) .
The joint effect of two other parameters acting together, i.e., the accumulated rainfall and the sediment availability, is the last fundamental factor that governs E/D processes at Montegrande ravine. An active volcano has a natural slope where sediment supply is regulated by the frequency and magnitude of the explosive activity. After a main eruption, lahar frequency increases due to the immediate reworking of pyroclastic material (Manville et al., 2009) , even in correspondence to low accumulated rains , until it progressively decreases in the following years, as observed at Volcán de Colima (Davila et al., 2007; Capra et al., 2010) and other volcanoes (Lavigne, 2004; Thouret et al., 2014; Major et al., 2016) . These factors, along with the physical features of the flows (i.e., sediment load, depth, volume, discharge, etc.), will control the morphological evolution of the ravine, until the landscape response to the volcanic perturbation returns to background conditions (Manville et al., 2009; Thouret et al., 2014) . This dynamic is evident in Montegrande ravine, where the sediment availability has been decreasing in the last years. The eruptive phase that occurred in 2004-2005 is the last significant phase of sediment supply that occurred along the volcano flanks. Block-and-ash flows (BAFs) were emplaced on main ravines up to 6.5 km from the crater (Macías et al., 2006; Sulpizio et al., 2010) , due to the repetitive growing and collapse of the summit dome (Fig. 8a) . Then, a new period of slow dome growing began in 2007 and stopped in 2010, after reaching the crater rim and spilling over in 2011 (Capra et al., 2015; Fig. 8b ). Finally, a phase of low activity characterized the 2013-2014 years (Fig. 8c) . Consequently, a period of 8 years (during the intraeruptive period from 2007 to July 2015 ; Capra et al., 2016) was needed to recover the hydrological and sedimentaryyield balance to background conditions. This dynamic is in agreement with the recovering times observed after a minor eruption (Manville et al., 2009 ). This means that as the volcano recovers its slope stability, more extreme rainfall events are needed to trigger a lahar. Rainfall data presented here are based only on one rain gauge, and, as observed before, rainfall can be locally concentrated. Hence, the estimation of rainfall thresholds triggering a lahar cannot be very accurate, at least for the events at the beginning of the season, which are strongly related to orographic rainfalls (high intensitieslow rain accumulation) . At Volcán de Colima, after the last significant eruptive phase (i.e., 2004-2005 years) , in the succeeding years (i.e., 2007-2012) , the rain episodes needed to trigger lahars were of short duration and had low accumulated rainfall values (e.g., Figs. 7 and 8a), as reported by Capra et al. (2010) . However, from 2013, the precipitation required to trigger a lahar was of higher values of accumulated rainfall and/or longer duration (Figs. 7  and 8c ). During the 2014 season, a number of rainfall events did not trigger lahars. These events had similar characteristics to those observed during the 2007-2012 period (Fig. 7) , which confirms the gradual decrease of sediment availability around the volcanic edifice.
Conclusion
The systematic monitoring of the morphological changes observed in Montegrande ravine in the past years served as a starting point for the analysis of the geomorphic modifications due to post-eruptive lahars in an active channel in a volcanic environment.
Channel bed slope, cross-section width and the joint effect of sediment availability and rainfall magnitude are the main factors controlling E/D processes at Montegrande ravine. In particular, the proximal and middle reaches, where the bed slope is up to 10-8 • , are dominated by erosion, while in the distal reach (5-2 • ), E/D processes act simultaneously. In the distal reach of the ravine, the E/D processes tend to be promoted preferentially one over the other, also depending upon the channel width between events, which in turn affects the flow depth, inducing one regime or the other. Only for extraordinary rainfall events are lahars mostly erosive all along the ravine up to the distal fan where deposition takes place.
These results can be used as a tool to foresee the effects of future laharic events in Volcán de Colima, and as a tool to improve the input parameters for the modeling of these flows along other volcanoes (e.g., the Popocatépetl volcano; see Caballero and Capra, 2014) , in order to determine the hazard zonation for lahars in this volcano.
The 2013-2014 period was characterized by very low explosive activity at Volcán de Colima, during which only small rockfalls and pyroclastic flows formed at the beginning of the 2013 and at the end of 2014. As previously observed , lahar frequency increases right after an eruptive phase and decreases during the following years, but this study evidences that the number of events is not directly related to the E/D rate, in comparison to the amount and intensity of rainfall, which still remains as the main factor in controlling flow discharge (magnitude) and duration. The volcano landscape recovered its hydrological and sediment yield equilibrium in less than 10 years, and only the largest and long-lasting lahars can catastrophically modify the ravine morphology.
A series of BAFs that occurred during the dome collapse episode of 10-11 July 2015 at Volcán de Colima dramatically changed the morphology of Montegrande ravine, filling up the main channel up to its distal fan , and became rectilinear, altering its geomorphic and hydrological features again. These new geomorphic conditions will probably lead to the formation of a new morphology and to a change in the characteristics of the flows of the next rainy season that will likely involve a large amount of sediment.
Data availability
Rain gauge data and images of the recorded lahars are available under a collaborative framewok between Centro de Geociencias, UNAM (L. Capra), and related Institutes, and Universities. In case of needing further information, we ask you kindly to contact directly the authors.
